The imaging properties of a scanning optical system that incorporates an axicon are presented. Beamshape characteristics including the axial distribution of the J 0 beam and its control and aberration effects arising from off-axis illumination are experimentally studied. These parameters are relevant when the axicon is used in an imaging system operating in the beam-scanning mode. The J 0 pattern produced by a blazed axicon transmittance grating is also presented.
Introduction
In our last report we proposed the use of an annular pupil in the excitation optics of the laser-scanning fluorescence microscope. A detailed analysis by use of a three-dimensional optical transfer function was carried out. 1 ' 2 The advantage of the use of an annular pupil in the excitation optics is that it provides an extended depth of focus for optical-scanning imaging as well as high lateral resolution, while the annular pupil in the system stops a large amount of the laser beam incident onto the sample, which was an essential disadvantage with this idea. In this paper we describe the introduction of an axicon (conical prism) into the optical system instead of an annular pupil. The axicon with the Fourier transform lens forms an annular pattern without energy loss of light by a beam stop.
The imaging properties with the axicon were investigated originally by McLeod in 1954 before the laser was developed. (The name axicon also originated with him. 3 ) The axicon was used as an optical element producing a circle with a Fourier transform lens in laser machining as early as 15 years ago 45 because of its ability to deliver a large amount of confined energy inside a ring pattern. Just recently this advantage has been employed in corneal surgery.
The narrower central spot that is available over long axial distances was used in aligning and trapping atoms along the axis with the use of laser-trapping technology. 8 In the mean time Durnin et al. 9 10 reported the nondiffractive propagation nature of the laser beam, which is given by Bessel functions, particularly the JO (zero-order Bessel) beam as the simplest form. Since the JO beam is the Fourier transform of a ring with an infinitively thin width, it can be realized at the back focal plane of a lens with a thin annular pupil at the front focal plane.
The conical surface of an axicon generates the JO beam with on-axis illumination, as was first shown by Fujiwara. 1 1 The axicon provides the most efficient (throughput-advantageous) method of realizing generally diffractionless beams. For a given aperture the diameter of the central spot of the IJO 2 beam is narrower than the first dark ring of the Airy disk pattern by 38% for an infinitely small annular width. 12 This promises superresolution in imaging. In this paper we investigate the imaging properties of the axicon that is crucial in applications to scanning optical systems. We found that an axicon easily succumbs to aberration in the case of oblique illumination. Knowledge of the aberration and its correction is essential in designing a scanning imaging system. A measurement of the axial intensity distribution of the JO beam is also presented.
Optics and Aberration
In Fig. 1 the intensity distribution at point P(x, y, z) owing to an axicon of radius Ro that is illuminated by a plane wave incident upon its facet (stationary phase n sin a = sin(a + ,3),
where n is the refractive index of the axicon and corresponds to the numerical aperture of the axicon.
The central spot has a radius of 0.383X/a. Equation (1) is applicable only to the normal incidence, i.e., when the infinitely distant-point light source is located on the z axis (0 = 0 in Fig. 1 ). Oblique illumination results in an aberrated image of the point source with the central spot and the inner sidelobes of the Jo beam most easily affected. The equivalent optics of an annular pupil with a lens to the axicon is shown at the bottom of Fig. 1 . Figure 2 shows a series of images caused by the oblique plane-wave illumination ( = 488 nm, argonion laser) at various angles 0 (degrees) of incidence: 0 = 0, 0 = 1, 0 = 1.5, and 0 = 2. We viewed the images using a microscope (400 x magnification) and a CCD camera (Sony XC-77, 768 x 493 pixels; pixel dimensions, 11 x 13 «im) with the observation plane at z = 32.1 mm. The axicon parameters were: n = 1.522 (BK7), a = 10 deg, and R = 5 mm. An 8-bit frame grabber (Shibasoku) was used to transport the image into a microcomputer. The peak of the spot on the photograph is saturated to make an appearance on the first ring. The intensity of the first ring is one sixth of the peak.
The deviations in the patterns exhibit symmetry and are, therefore, characterized by an even-ordered aberration, primarily astigmatism, but not coma. The reason the system using an annular pupil is insensitive to coma can be explained as follows. Coma is a wave-front aberration of the form r 3 COS 0, where r is the pupil radius and 0 is the polar angle. If r is held constant, as is the case for the annular aperture, the effect of coma is simply to add a tilt term to the wave front, which has no effect on the shape of the spot.
While a rigorous analytical solution to the image amplitude distribution for oblique illumination is forbidding, insight into the particular nature of the aberration can be gained by noting that the result produced by the method of stationary phase (first order) is identical with that by the method of the Fresnel zone.
14 Thus the result given by Eq. (1) may be obtained also by solving the Kirchhoff integral for the image amplitude with the area of integration restricted to lie within an annulus of width Cz and a center-line radius equal to a(n -1)z. When the illumination is off axis, the annular Fresnel zone loses width uniformity and eventually deteriorates into two separated crescent-shaped zones. As a result the amplitude contributions from various regions in the zone into the observation point P(x, y, z) are no longer uniform. The far-field distribution at the observation plane located at z, which can be calculated as the Fourier transform of the first Fresnel zone, is no longer amply described by a zero-order Bessel function but rather by the linear superposition of weighted higher-order Bessel functions. Its corresponding pattern is not circularly symmetric in the x-y plane and does not reveal a circular central spot. However, the propagation distances of these patterns are extremely long with the weakly aberrated ones having a depth of focus that is approximately equal to that of the J 0 beam.
Even with on-axis plane-wave illumination an axicon with an imperfect conical surface, e.g., one with its surface warped about the optical axis, also exhibits the same type of aberration since the shape of its first Fresnel zone no longer typifies a perfect annulus.' 
Depth of Focus
The depth of focus ZD defined as the distance from the axicon apex to the edge of the geometrical shadow for full-facet illumination is given by Eq. (2b) for R = Ro. Thus we can regulate the depth of focus by placing a variable aperture in front of the axicon facet. The depth changes linearly with the aperture radius. Within the depth of focus the peak intensity of the central spot oscillates and rapidly decays at the end of the depth of focus. Figure 3 shows the axial intensity distribution of the peak of the central spot of the Jo beam. (The theoretical depth of focus is 54.89 mm.) Consistent with the theoretical prediction, 9 the intensity oscillated increasingly along the z axis attaining a maximum value about a value equal to 4X-17r 2 (n -1)a 2 z 2 before rapidly decaying after the geometrical shadow. 16 This variation in the axial intensity may be utilized to select a particular strength for the central spot. The amplitude of the axial oscillation decreases for axicons with larger facet radii. The maximum scanning range (field of view) x was limited by the lens aberration of L2 because of the off-axis imaging of the ring about the optical axis resulting from the tilting of the mirror. Images uncorrupted by aberrations may be obtained by employing sample scanning instead of beam scanning but at a reduced sampling rate. Figure 6 shows the same result as Fig. 5 but with an aberration-corrected lens (camera lens withf = 1.4) for L2. The spot distortion was well corrected in Fig.  6 for the tilting mirror arrangement compared with the results in Fig. 5 . This means that the heavy spot distortion in Fig. 5 was due to the lens aberration of L2. For laser-scanning microscopy we have to choose carefully or redesign a lens to cover a wide scanning field of view.
Beam Scanning and Aberration

Axicon Grating
The axicon belongs to a family of conical surfaces that are capable of producing a Jo beam. An axicon (circular) phase grating that is blazed to attain better coupling efficiency also generates a Jo beam (see Fig.  7 ). In Figs. 8(a) and 8(b) are patterns produced by such a transmittance-type grating (the substrate is iO 2 ) with the following dimensions: groove period, 4.79 tim; diameter, 4 mm; blazed angle, 7.30 deg. Figure 8 (a) corresponds to a normal plane-wave illumination, while Fig. 8(b) is an aberrated pattern resulting from a slight off-axis illumination. The functional forms of both patterns are the same as those that are produced when the axicon is used.
Discussion
The imaging properties of the axicon in a beamscanning imaging system were discussed with experi- mental results. The advantages of a narrower central spot and long depth of focus with axicon imaging could be utilized in the configuration of a scanning imaging system where the image is realized point by point. The advantage of a narrower central spot may be compromised by the high strengths of the accompanying sidelobes of the Jo beam, which results in lowcontrast images. However, this can be rendered ineffectual during applications in laser-scanning imaging, optical memory, laser-beam trapping, or photolithography by applying to photoresists or fluorescent samples or other materials with nonlinear responses or the threshold responses that are higher than the peak strengths of the sidelobes.
We are now constructing a video rate laser-scan microscope equipped with an axicon, where a rapidly rotating multifaceted polygon mirror with a 15-kHz horizontal scan and a galvanomirror with a 60-Hz vertical scan are used. Since the axis of rotation of the polygon is not in the plane of the facets it would seem that the pupil will move side to side as the polygon rotates. This would be another problem that we have to solve in the future.
